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(57) Abstract: Copper interconnects are formed by depositing substantially pure copper (30) into the lower portion of an interconnect 
^ opening (24). The upper portion of the interconnect opening (24) is then filled with doped copper (32) followed by a planarization 
^ process. The resulting copper interconnect exhibits reduced electromigration while maintaining low overall resistivity. 
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COPP]^ INTERm NNBCTS WITH IMPROVED 
EI^CTRO MIGR ATON RESISTANCE AND LOW RE 



TCGHNICALPmi.n 

The present mvention relates to a seraiconductor device and a method of manufectuiing a semiconductor 
device having copper interconnects. The present invention has particular applicability to high density semiconductor 
devices with submicron design features. 

BACKGROUND APT 

The escalating requirements for high density and performance associated with ultra large scale integration 
semiconductor devices require design features of 0.25 microns and under, increased transistor and circuit speeds, high 
reliability and increased manufacturing throughput. The reduction of design features to 0,25 microns and under 
challenges the limitations of conventional methodology. 

Conventional semiconductor devices typically comprise a semiconductor substrate, normally made of 
monocrystalline silicon, and multiple dielectric and conductive layers formed thereon. In a conventional 
semiconductor device 100 illustrated in Fig. 1, substrate 1 is provided with field oxide 2 for isolating an active region 
including source/drain regions 3, and a gate electrode 4, typically of doped polysilicon, above the semiconductor 
substrate with gate oxide 5 therebetween. Interlayer dielectric layer 6, tj^jically silicon dioxide, is then deposited 
thereover and openings fonned using conventional photolithographic and etching techniques. The openings are filled 
with conductive material to establish electrical contact between subsequently deposited conductive layer 8 and 
source/drain regions 3 through contacts 7, and to transistor gate electrode 49. Dielectric layer 9, typically silicon 
dioxide, is deposited on conductive layer 8, and another conductive layer 10, typically aluminum or an aluminum-base 
alloy, is formed on dielectric layer 9 and electrically connected to conductive layer 8 through vias 11. 

With continued reference to Fig. 1, conductive layer 10 is the uppermost conductive layer and, hence, 
constitutes the wire bonding layer. Dielectric layer 12, also typically silicon dioxide, is deposited, and a protective 
dielectric scratch resistant topside layer 13 is deposited thereoa Protective dielectric layer 13 typically includes a 
nitride layer, such as silicon nitride (Si3N4). Alternatively, protective dielectric layer 13 may mclude a dual topcoat 
comprising a nitride layer on an oxide layer. The protective dielectric layer 13 provides scratch protection to the 
semiconductor device 100 and protection agauist moisture and impurity contamination during subsequent processing. 
After deposition of protective dielectric layer 13, conventional photolidiographic etchmg techniques are employed to 
form an openmg to expose wure bonding layer 10 for external connection via bonding pad 14 and electrically 
conductive wures 15 or an extemal connection electrode (not shown). 

Although only two conductive layers 8 and 10 are depicted m Fig. 1 for illustrative convenience, conventional 
semiconductor devices may include more than two conductive layers, e.g., five conductive metal layers, depending on 
design requirements. Also in the interest of illustrative convenience, Fig.l does not illustrate any particular type of 
plug or barrier layer technology. However, such technology is conventional and, therefore, the details of such features 
are not set forth herem. 

As device features contmue to shrink in size, the interconnect structures, such as contacts 7 and vias 1 1 enable 
the semiconductor device 100 to offer more packing density, higher speeds and more flexibiUty in circuit design. 
Various metals, such as aluminum and aluminum-base alloys, have typically been used to form the electrical 
interconnects. More recently, copper and copper-base alloys have also been used to fill the openings to form the 
electrical interconnects. In such cases, the copper is typically deposited via a single electroplating process. That is, a 
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single plating solution employing one type of plating chemistiy is supplied to an electroplating chamber where the 
electroplating proceeds to fill the openings that form the interconnects. One problem with copper interconnects is that 
copper has low electromigiation resistance and readily diffuses through silicon dioxide, die typical dielectric int^ayer 
used in die manufacture of s^niconductor devices. 

5 In some prior processes, a dopant has be^ added to the copper to enhance the low electromigration resistance 

of copper. The dopant element forms intermetallic compounds with the copper and increases the electromigration 
resistance of the copper. In processes that employ copper alloys, however, the copper alloy is typically deposited 
throughout the entire opening that will form the intercoimect or deposited and annealed to diffose the dopant element 
throughout the entire interconnect structure. This use of copp^ alloys may help solve electromigration problems, but 

10 uicluding the dopant diroughout die entire mterconnect increases the resistivity of the interconnect This increased 
resistivity leads to slower processing associated with the semiconductor device. 

DISCLOSURE OF THE INVENTION 

There exists a need for a semiconductor device and a method for manufacturing a semiconductor device that 
improves electromigration problems associated with copper interconnects while maintaining low resistivity of the 
15 interconnect. 

These and other needs are met by the present invention, where substantially pure copper is introduced into the 
lower portion of an interconnect opening followed by the introduction of doped copper at the top portion of the 
opening. The copper interconnect is then planarized, resulting in a copper interconnect having reduced 
electromigration and low overall resistivity. 

20 Additional advantages and other features of the invention will be set forOi in part in the description which 

follows and in part will become apparent to those having ordinary skill in the art upon examination of the following or 
may be learned from the practice of the invention. The advantages and features of the invention may be realized and 
obtained as particularly pointed out in the appended claims. 

According to the present invention, the foregoing and other advantages are achieved in part by a method of 

25 forming an interconnect in a semiconductor device. The method includes forming an opening in a dielectric layer and 
depositing substantially pure copper to fill a portion of the opening. The method also includes depositmg doped copper 
over the substantially pure copper to fill the opening and planarizing the semiconductor device so that the filled 
opening is substantially coplanar with an upper surface of the dielectric layer. 

According to another aspect of the invention, a semiconductor device is provided. The semiconductor device 

30 comprises a semiconductor substrate and a plurality of levels of dielectric layers and conductive layers formed on the 
semiconductor substrate. The semiconductor device also includes an intercoimect formed in at least one of the 
dielectric layers. The interconnect electrically connects at least two of the conductive layers or one of the conductive 
layers and an active region in the semiconductor substrate. The mterconnect mcludes a lower portion comprising 
substantially pure copper and an upper portion comprising doped copper. 

35 Other advantages and features of the present invention will become readily apparent to those skilled in this art 

from the following detailed description. The embodiments shown and described provide illustration of the best mode 
contemplated for carrying out the invention. The mvention is capable of modifications in various obvious respects, all 
without departing from the invention. Accordingly, die drawings are to be regarded as illustrative in nature, and not as 
restrictive. 
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BRIEF DESCRIPTION OF THR D^^ AWTMHS 

Refeence is made to the attached drawings, wherein elements having tiie same refo^ce number designation 
represent like elements throu^out 

Fig. 1 schematically illustrates the cross-section of a conventional semiconductor device. 
5 Fig. 2A schematically illustrates the formation of interconnect openings in a dielectric layer in accordance 

with an embodimait of the preseait invmition. 

Fig. 2B schematically illustrates the partial filling of the intmonnect openings in Fig. 2A in accordance with 
an embodiment of the present invention. 

Fig. 3 illustrates filling the remainder of the interconnect openings in Fig. 2B, in accordance with an 
10 embodiment of the present invention. 

Fig. 4 illustrates the cross-section of the semiconductor device of Fig, 3 after planarization, in accordance with 
an embodiment of the present invention. 

Fig. 5 illustrates tiie cross-section of an interconnect formed in accordance with an embodiment of the present 
invention. 

15 BEST MODE FOR CARRYTNG OUT THE INA^ENTION 

Tiie present invention addresses and solves the problems of electromigration associated with copper 

interconnects while maintaining low overall resistivity of the interconnects. 

Fig. 2A illustrates the cross-section of a semiconductor device 200 fomied in accordance with an embodiment 

of the present invention. Referring to Fig. 2A, a dielectric layer 22, such as silicon dioxide or another material having a 
20 low dielectric constant (K), is fomied above semiconductor substrate 20, typically comprising monocrystalline silicon. 

The dielectric layer 22 may also be fomfied of several films. For example, the dielectric layer 22 may be a composite 

including a low K material, a nitride layer formed thereon to serve as an anti-reflective coating (ARC) for subsequent 

lithographic and etching steps and a TEOS or nitride capping layer to protect the low K material. The dielectric layer 

22 is shown directly above the substrate 20. It should be understood, however, that dielectric layer 22 may be an 
25 interlayer dielectric layer^formed a number of layers above the surface of semiconductor substrate 20. For example, 

dielectric layer 22 may be an interlayer dielectric formed above a number of conductive and other dielectric layers (not 

shown) in semiconductor device 200. 

Openings 24 are formed in dielectric layer 22 using conventional photolidiographic and etching techniques. 

These openings 24 may represent holes for forming contacts or vias or trenches for forming interconnect lines, hi Fig. 
30 2A, three openings 24 are shown for simplicity and to illustrate various sized openings having different aspect ratios. 

The present invention, however, may be used to form any number of interconnects having any particular feature sizes 

and aspect ratios, based on the particular circuit requirements. 

As discussed previously, conventional practices for forming interconnects use aluminum, aluminum-base 

alloys, copper or copper-base alloys. The present invention departs fi-om conventional practices by depositing copper 
35 and a copper-base alloy in two plating processes to form the interconnect structure. Fig. 2B illustrates an exemplary 

embodiment of the present invention in which the first plating deposits essentially pure copper into the openings 24 

using a non-conformal electroplating chemistry. 

For exan^le, the first plating process may use a plating solution that includes additives that enhance bottom 

filling of openings 24. Any conventional additive chemistry tiiat is designed to enhance bottom fiUmg, such as 
40 Nanoplate 2001 or UltrafiU 2001, both manufactured by Shipley Company of Marlborough, Massachusetts, may be 

mixed with the plating solution used in the first plating process. Other plating chemistries designed to enhance tiie 

filling of the bottom portion of openings may also be used. 
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l^thesenuconductordevicelOOactsasoneofthetwoelectrodes. The electroplatog proceeds to deport Ihe 

about U.u/0. element may be used in alternate embodiments of the present mvenhon. 
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omedielectriclaycr22. In «»isn«nner. subsequent pnx«ssing steps may be perfo™^ 

and smooth surface. « 

TheresultmgmterconneatstmcturesmustnitedmFig.4advantagco^^ ' 
r«,uu.,g r^uced elec.«,™g«tio„. such a. the upper suriace of the 
ccwerislocatedthn^ghoutttoxco^inderof the int^^^^ 
speed mten^naecb. Theparticdarpen^ntageofthcm^ 
opt.m.ed to provide increascelectromigndonbenefitsandnudn^ 
whereop^atogspeedismore important th^increasedelec^^ 
^atu.clude^ecopperaUoy.aybereduced.Additional,y.fasuchs 
fte copper aUoy may also be reduced to further decrease the ovexallresU^^^^^^ 

»;'^-l''b^™derstoodthatFig.4doesnotmustratea„ydifftsionb^^^ 
openmgs24priortodepositio„ofthe copper layer 30. Such diffusion ba^er layers are weD known and further impede 
the electrom.grat.on of copper into various dielectric layers. It should also be noted that Fig. 4 does not illustrate a 

copper alloy seed layer that may be deposited onadifiusion barrier layer to e„l.ance the adhesion oftheundo^ 
copper layer 30 during electroplating. 

/^--''-gtoanexen.plao.embodimentofthepresentinvention.acopperalloyseedlayermaybedepos^^^^ 
along he botto. and sidewa,,ponio„sof.he interconnect openings24to cany electrical current forelectr^^ 
deposumg a relatively thin seed layer in the interconnect opening, any number of techniques may be used 

bo«o .w!!!"'"' ' ' ''''' '° "^^'^'^ ^'-g 40 and 

bottom 42 of the respective intercom,ect openings 24 in semiconductor device 300. The copper alloy seed layer 50 

may e deposued using any conventional process, s^^^ 

IMP) deposmon, physical vapor deposition (PVD) or other known processes to confonnaUy deposit a relatively thin 

about 1000 A. dependmg on the particular circuit requirements. 

^J'^^'^'^l^nentinthecopperaUoyseedlayerSOmayincludemagnesium.al^^^^ ,„ 
mckel. palladmm. silver or gold. Alternatively, other dopant elements may be used in copper alloy seed layer 50 The' 

ptage by weight ofthe dopant element in the copperalloy seed layer 50 may be optimizedbased on .heparti^^ 
devrcerequ.ements.Forexample.thepercentageby weight of the dopant element in copper aUoyseedl^^^ 
range from about 0.3% to about 12«/o. based on the particular dopant and the particular circuit requirements 

Atothecopperalloylayer50isdeposited,thefirstandsecondplatingprocessesdescribedwithregardto 
Figs.2Band3areperfbrmedtodeposittheesse„tiaUypurecopperlayer30andthe^^^ ACMP 
fo lows to planari.e the semiconductor device 300. resulting in the semicondu^^^ 

Adv^tageously.thedopedcopperseedlayerSOessentiallyencapsulatesthe • 
electromigration resistance throughout the entire interconnect structm-e. 

^^''''•^"^•^''^-withthepresentinvention.aninterconnectisformedusingessentid^^ 

doped copper. Advan.ageously.theresultinginterconnectstn.ture exhibits ^ 

reas more susceptible to electromigration wlule maintaining low 0^^ 

fonned along the bottom and sidewansoftheintercom.ectopeningfurther^^^^^ 
^em^rcom^^^^^^^^^ 

cost effective and can be easily integrated into conventional processing. 

In the previous descriptions, numerous specific details are set forth, such as specific material, structures 
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chemicals, processes, etc., in order to provide a thorough vmderstanding of the present invention. However, the present 
invention can be practiced \nUiout resorting to the specific details set fortti herein. In other instances, well known 
processing structures have not been described in detail, in order not to unnecessarily obscure the timist of ttie present 
inv^tion. 

5 The dielectric and conductive layers used m manufacturing a semiconductor device in accordance with the 

present invention can be deposited by. conventional deposition techniques. For example, metallization techniques, such 
as various types of chemical vapor deposition (CVD) processes, includmg low pressure chemical vapor deposition 
(LPCVD) and enhanced chemical vapor deposition (BCVD) can be en^)loyed. 

The present inv^tion is applicable in the manu&cturing of semiconductor devices and particularly in 

10 semiconductor devices with design features of 0.25 microns and below, resulting in increased transistor and circuit 
speeds and improved reliability. The present mvention is applicable to the formation of any of various types of 
semiconductor devices, and hence, details have not been set forth in order to avoid obscuring the thrust of the present 
invention. In practicing the present invention, conventional photolithographic and etching techniques are employed 
and, hence, die details of such techniques have not been set forth herein in detail. 

1 5 Only the preferred embodiments of tiie invention and a few examples of its versatility are shown and described 

in the present disclosure. It is to be understood that the invention is capable of use in various other combinations and 
environments and is capable of modifications within the scope of the inventive concept as expressed herein. 

For example, the present invention has been described with the example of single level interconnects formed 
by created openings in a dielectric layer and filling the openings. The present invention is also applicable to other 

20 situations where interconnects are formed, such as dual damascene techniques which fonn a conductive via that 

contacts an upper trench section. In this scenario, the pure copper may be deposited in the conductive via and a portion 
of the conductive trench. The upper portion of the conductive trench may then be filled with doped copper. 
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1. A method of fonning an interconnect in a semiconductor device (200), die method comprising: 
fonning an opening (24) in a dielectric layer (22); 

depositing substantially pure copper (30) to fill a portion of tiie opening; 
depositing doped copper (32) over the substantially pure copper (30) to fill liie opening (24); and 
planarizing the semiconductor device (200) so fliat the fiUed opening is substantially coplanar with an upper 
surface of the dielectric layer (22). 

2. The me&od of claim 1, wherein the portion comprises about 40% to about 90% of the opening (24). 

3. The method of claim 1, wherein the doped copper (32) contains about 0,3% to about 12% by weight of a 
dopant element 

4. A semiconductor device (200), comprising: 
a semiconductor substrate (20); 

a plurality of levels of dielectric layers and conductive layers formed on the semiconductor substrate (20); and 
an interconnect formed in at least one of the dielectric layers, the intercomiect electrically connecting at least 
txvo of the conductive layers or one of the conductive layers and an active region in the semiconductor substrate (20), 
the interconnect being characterized by : ■ , 

a lower portion comprising substantially pure copper (30), and 
an upper portion comprising doped copper (32). 

5. The semiconductor device (200) of claim 4, wherein the lower portion comprises about 40% to about 90% 
of the interconnect. 

6. The saniconductor device (300) of claim 4, fiirflier comprising: 

a layer of doped copper (50) fomed along the bottom (42) and sidewalk (40) of the interconnect, the doped 
copper (50) encapsulating the substantially pme copper (30) in the lower portion of the interconnect 

7. A method of manufacturing a semiconductor device (200), comprising: 

forming a pluraUty of levels of dielectric layers and conductive layers on a semiconductor substrate (20); 
forming an opening (24) in at least one of the dielectric layers; 
depositing substantially pure copper (30) to fill a portion of flie opening (24); 
depositing doped copper (32) over the substantially pure copper (30) to fill the opening (24); and 
planarizing the semiconductor device (200) so that the copper and doped copper filled opening is substantiaUy 
coplanar with an upper surface of the dielectric layer. 



element. 



8. The method of claim 7, wherein the doped copper contains about 0.3% to about 12% by weight of a dopant 



9. The method of claim 8, wherein the dopant element comprises at least one of tin, ziiwnium, strontium, 
palladium, magnesium, chromium and tantalum. 
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10. The method ofclaim 7, comprising: / 

depositing the substantially pure copper (30) by electroplating, and 

depositing the doped copper (32) by at least one of electroless plating and electroplating. 
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